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We revisit the Unruh effect to investigate how finite acceleration would affect a scalar condensate. 
We discuss a negative thermal-like correction associated with acceleration. From the correspondence 
between thermo-field dynamics and acceleration effects we give an explanation for this negative sign. 
Using this result and solving the gap equation we show that the condensate should increase with 
larger acceleration. 


I. INTRODUCTION 

Thermal nature inheres in quantum field theory in 
spacetime with an event horizon and it is characterized 
by the widely known Hawking-Unruh temperature [1, 2]; 
Th = k/{2tt) for the black-hole case, where k = 1/(4M) 
is the surface gravity at the horizon and M is the black- 
hole mass. For M ~ Mq (solar mass), this temperature 
is of the order of 10“® K and it is difficult to detect any 
direct signal for the Hawking radiation from astrophys- 
ical observations. Nevertheless, it is still a fascinating 
idea to seek for an analogous and more controllable sys¬ 
tem having an event horizon. In a laboratory setup, the 
role of surface gravity may be replaced by acceleration 
leading to the Unruh effect [2-5] (see also Ref. [6] for a 
recent review). Several interesting ideas have been put 
forward to test the Hawking-Unruh effect in a laboratory, 
especially concerning the condensed matter analogue [7], 
strong field systems [8, 9], lasers [10-16], and heavy ion 
collisions [17, 18]. 

The basic premise of the Unruh effect is that an accel¬ 
erated observer sees the Minkowski vacuum as a thermal 
(Unruh) bath. Importantly, the Minkowski vacuum is 
not necessarily empty but sometimes endowed with con¬ 
densates. In the ground state of Quantum Chromody¬ 
namics (QCD), that is commonly called the QCD vac¬ 
uum, for instance, the chiral condensate makes fermionic 
(quark) excitations gapped and the gluon condensate 
arises from the trace anomaly. In the electroweak sec¬ 
tor the vacuum accommodates the Higgs condensate and 
the Higgs phenomena are ubiquitous in condensed matter 
experiments. 

The basic motivation of this work is to understand if 
a condensate can be modified by a finite acceleration in 
general. The possible response of a condensate to the 
Unruh effect is especially intriguing from the point of 
view of an analogy to thermal environments; in ordinary 
thermal field theories finite temperature tends to destroy 
the condensate, while the effect of finite acceleration may 
be or may not be the same. 

Indeed, the original works in the 1980’s on the rela¬ 
tionship between acceleration and condensates [19, 20] 
led to a conclusion that acceleration would not have any 
effect on the condensate. This was motivated by a gen¬ 
eral theorem in interacting field theories by Unruh and 


Weiss [21] on the equality of correlations functions quan¬ 
tized in Rindler and Minkowski spacetimes. 

However, a number of recent works have found strik¬ 
ingly different results. The investigation of Ref. [22] (see 
also Ref. [23]) on the quark-antiquark scalar condensate 
(that is, the chiral condensate) in a Nambu-Jona-Lasinio 
model concluded that the condensate should decrease as 
a function of increasing acceleration. A similar conclu¬ 
sion was reached in Ref. [24] for a quark-quark (i.e. di¬ 
quark) condensate that realizes in color-superconducting 
phases. In Refs. [25-27] a real scalar field theory was in¬ 
vestigated in an accelerating frame, with the main result 
being that a scalar condensate would decrease at finite 
acceleration. Moreover, holographic models of QCD [28- 
30] indicate that acceleration acts to weaken the interac¬ 
tion between quarks and antiquarks in hadrons leading 
to a deconfinement transition. In summary, according to 
these preceding works, phases with a finite scalar con¬ 
densate (and also confining effects) would eventually be 
destroyed at some high acceleration, in a similar way as 
it occurs at high temperature. 

The interpretation of the acceleration effect on con¬ 
densates is far less clear than that of the temperature 
effect, a part of which should be attributed to different 
physical setups. This makes it imperative to reconsider 
the thermal-like effects in accelerated systems. Thus, in 
this work we revisit a real scalar field theory in Rindler 
spacetime. We explicitly compute the Wightman two- 
point function in the Rindler (accelerated) vacuum. The 
most subtle part is the treatment of the ultraviolet (UV) 
divergence in the Rindler and the Minkowski vacua. To 
make our assumption clear, we discuss the role played by 
the observer; the observer knows the energy dispersion 
relation and defines the particle there. Then, two-point 
functions involving only field operators but not the dis¬ 
persion relation are insensitive to which of the Rindler 
and the Minkowski vacua is chosen for the field quanti¬ 
zation. Besides, our observer would not reorganize the 
vacuum structure. This means that we should treat the 
UV divergence in the same way as the finite-temperature 
field theory, so that we can focus only on a finite correc¬ 
tion induced by acceleration. Interestingly, we will see 
that this acceleration-induced correction has a sign op¬ 
posite to what is expected as a thermal correction. We 
develop an analogy to the formalism of thermo-field dy- 
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namics (TFD) to clarify the the origin of this opposite 
sign. 

This opposite sign reverses the role of thermal-like ef¬ 
fects and brings an exotic possibility that a larger conden¬ 
sate could be favored with increasing acceleration. This 
is the case when the condensate is observed in the co¬ 
accelerated frame. Utilizing the one-loop mean-field ap¬ 
proximation, we will solve the equation of motion and cal¬ 
culate the condensate numerically and analytically. We 
employ a boundary condition that ensures that we can 
smoothly reach a Minkowski-vacuum limit when the ac¬ 
celeration is turned off. Our solution exhibits divergent 
behavior of the condensate as a function of the acceler¬ 
ation. We might well call such a property of accelerated 
matter “acceleration catalysis” in analogy to the mag¬ 
netic catalysis [31]. 

The nature of condensates on non-trivial spacetime 
manifolds [32—34] and in non-inertial frames, i.e. accel¬ 
erating or rotating frames [35], is an interesting topic 
in general, and our results should be valuable in that 
perspective. Especially interesting is the case with the 
Schwarzschild metric [36] which takes the form of Rindler 
spacetime near the horizon. Hence, based on our finding 
we will give a brief remark about a possible implication to 
the condensation phenomena in the vicinity of the black 
hole. 

In order to appreciate the difference from finite temper¬ 
ature physics, we carefully layout the Rindler spacetime 
formalism and the Bogolyubov transformation in a scalar 
field theory in Sec. III. Readers familiar with this descrip¬ 
tion may skip this part and proceed directly to Sec. IV 
where we discuss the basic expressions about field cor¬ 
relations and number operators with acceleration. Also 
we discuss the correspondence between the accelerated 
vacuum and the thermal vacuum. Such a careful com¬ 
parison provides us with a key to the phenomena of accel¬ 
eration catalysis which is addressed in Sec. V. We make 
our conclusions in Sec. VI. We give an explicit check of 
the equality between the Wightman two-point functions 
in the Rindler and the Minkowski vacua in Appendix. 


II. INEQUIVALENT VACUA AND OBSERVERS 

We would stress the importance to sort out the def¬ 
initions of the vacua (or states) and the observers (or 
operators) first. Let us start our discussions with an 
analogous and more intuitive example of particle produc¬ 
tion under an external electric field, i.e. the phenomenon 
called the Schwinger mechanism [37]. The problem with 
an electric field is essentially dynamical in a sense that 
the background gauge fields should be time dependent. 
It is convenient to introduce quantities and operators in 
the infinitely past (and future) state that are referred to 
with a subscript “in” (and “out” respectively). 

It is a well-known result that the in-vacuum is not 
really a vacuum if seen by an observer sitting in the out- 
vacuum, which is explicitly expressed in a form of the in¬ 


state expectation value of the out-state number operator. 
For example, if the electric field is applied for a time ^ t 
along the positive z-direction, the production of charged 
bosonic particles results in a distribution as follows [38]: 


(in|aLt(fc)aout(fc)|in) 


~ exp 


7r(fc^ + in^)t / I 

4 \k^ — eEt 



( 1 ) 


for 0 < fc* < eEt. This non-zero result appears from the 
Bogolyubov coefficients between Sin, and Oout, Oout- 
In Eq. (I) the in-vacuum |in) is probed by an out- 
operator. In other words, the observer defines the op¬ 
erator we should put in the expectation value. To un¬ 
derstand this machinery more, it would be instructive to 
recall how the number operator can be written in terms 
of field operators. As derived in Ref. [39], we can show: 


aLt(fe)oout(fe) = X—lim 

2eout(fc) ti=t2-!-oo (^ 2 ) 

X [dti + ieout{k)][dt2 + ieout{k)](j)\ti,k)^{t2,k) , 


where eout(fc) is the energy dispersion relation in the 
out-state which generally depends on when and where 
the particle is observed. Importantly, as we will explic¬ 
itly confirm later, the field operators, (j) and are not 
sensitive to the detection procedures. A more familiar 
and general example of the relevance of the out-observer 
through the energy dispersion relation can be also found 
in the famous LSZ (Lehmann-Symanzik-Zimmermann) 
reduction formula. 

Now, we shall turn to the consideration about the Un- 
ruh effect. It is crucial to make the observer’s role clear in 
order to clarify the physical interpretation of the Unruh 
effect. We will see later that the non-accelerated vacuum 
expectation value of the number operator in the accel¬ 
erated vacuum, (M|a^afl|M), has a thermal spectrum 
whose temperature is characterized by the acceleration. 
Then, one might be tempted to consider that this non¬ 
accelerated vacuum could be a thermal bath giving rise to 
thermal-like corrections. Such an argument would cause 
confusion if applied too naively, and the fact is that there 
is no such thermal-like correction as long as an operator 
is written in terms of (j) and (j)^ only and not with the 
energy dispersion relation inherent in the observer. 

Nevertheless, even for operators not involving the en¬ 
ergy dispersion relation, it is still a non-trivial question 
how the operator expectation value may change with dif¬ 
ferent vacua; the non-accelerated vacuum \M) and the 
accelerated one |i?). This is a question that we eluci¬ 
date in the present work. In particular, we are interested 
in a scalar condensate affected by the acceleration. In 
summary, we will take a close look at the question: 

{M\f\M) = {R\f\R) (3) 


and think about underlying physical interpretations in 
analogy to thermal field theory in what follows below. 
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III. UNRUH EFFECT IN A SCALAR FIELD 
THEORY 

This is an overview section and we summarize our no¬ 
tations and choice of the coordinates, i.e. those in Rindler 
spacetime. These preliminary setups are important for 
the later analysis on the spontaneous symmetry break¬ 
ing in Sec. V. 


A. Scalar field in Rindler spacetime 


The Minkowski metric is given as ds^ = dt^ — dx]_ — dz^ 
in our convention where x±^ = (x,y). We perform a 
change of coordinate variables from t and z to p and ry, 
which defines the Rindler coordinates as follows: 


z = p cosh 1 ] , t = p sinh p 
with the metric in a form of 

ds^ = p^dp^ - dp^ - dx]_ . 


( 4 ) 

( 5 ) 


These new coordinates, p and p, cover only a part of the 
Minkowski spacetime as long as p is non-negative and p 
is real. Because the region ot z > |t| is spanned then, we 
call p and p the right-wedge Rindler coordinates. We can 
also introduce another coordinates, p and p, to define 
the left-wedge Rindler coordinates in a similar fashion. 
In this work we will focus on the right-wedge Rindler 
coordinates only; we can setup an accelerated particle 
trajectory within this z > 0 region without loss of gener¬ 
ality. 

Using the notion of the proper time r and the velocity 
four-vector = dx^/dr, we can define the acceleration 
four-vector as = du^/dr. Then, the proper accelera¬ 
tion a is given by 

= —a^a^ . (6) 

A trajectory of a point particle with a proper acceler¬ 
ation a in terms of the Minkowski coordinates can be 
parametrized as 

z(t) = — coshlar) , Rt) = — sinhlar) . (7) 

a a 

Therefore, in terms of the right-wedge Rindler coordi¬ 
nates, this trajectory corresponds to p = ar with a fixed 
value of p = 1/a. Thus, we should stress here that p and 
p have dual roles as coordinates and parameters charac¬ 
terizing an accelerated trajectory. As sketched in Fig. 1, 
the constant-p trajectories move away from the light- 
cone, and their shape straightens, as p increases. This 
clearly means that a larger p represents a smaller ac¬ 
celeration, which is consistent with the identification of 
p = 1/a. 

The action for a real scalar field theory in a general 
coordinate system (apart from the curvature) [40] reads: 


S = 


d'^Xy^^ 


-g^^''d^dgd.cf-V{4>) 


( 8 ) 



FIG. 1. Schematic picture of the Rindler coordinates. In the 
right-wedge Rindler coordinates several curves with different 
values of p are shown; a larger p makes the constant-p trajec¬ 
tory straightened corresponding to a less acceleration. 


where V{(f) is a potential term. 

Let us now setup two distinct observers; a Minkowski 
(non-accelerated) observer and a Rindler (accelerated) 
observer. The Minkowski and the Rindler observers 
quantize the fields based on the energy dispersion relation 
in Minkowski and Rindler space, respectively. We will in¬ 
dicate observables quantized in this way by denoting Om 
and On for the Minkowski and the Rindler observers. As 
we already mentioned above, this distinction is irrelevant 
for observables in terms of 0 and only. 

We briefly see how the Unruh effect is derived. With 
the Minkowski coordinates the quantum field is expanded 
in terms of a complete set of basis functions (denoted by 
/’s) with the creation and annihilation operators as 



dM(k)f{k, x) + d^j^(k)f*{k, x) 


( 9 ) 


The choice of the complete set is arbitrary and it would 
be the most convenient one to take the plane waves as 
the basis functions as 


/(fc,x) 


_ ik-x—ikot 

(27r)3/2(2fco)i/2 


( 10 ) 


We thus define the Minkowski vacuum \M) as a solution 
of aMik)\M) = 0. 

With the Rindler metric (5) we should replace f{k,x) 
with a counterpart of the plane wave in terms of the right- 
wedge Rindler coordinates (see, e.g. Refs. [6, 25, 41] for 
technical details) given by 


/i^(fc_L,a;,x) 

_ Vl - 

^ [2(27r)4]i/2 


'(uj, 


up Kp 
K [cu, —, — 
2 2 


Ak 


ji_-x 


( 11 ) 


where we introduced k = y k\ -\- m?. We note that uj 
is a dimensionless conjugate of p. From the trajectory. 
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rj = ar, we should understand that auj corresponds to 
a Rindler energy. The p dependence appears through a 
special function defined as 

rl-i 

K{uj,a,l3)= ^ (^2) 

Jo s 

We should consider this function in the physical region 
of w > 0 where we can check the following: 

K{ui, a, a) = 2e^‘^^‘^Ki^{2a) . (13) 

Here, Ki^{x) represents the modified Bessel function of 
imaginary order. We can then expand the quantum field 
for the Rindler observer as 

(j)= / diu (fk± aR{k±,uj) fR{k±,u},x) 

Jo J L (14) 

+ dli{k±,uj) f^{k±,uj,x) . 

In the same way as for Minkowski spacetime, we can 
define the vacuum for the Rindler observer by solving 
dR{k±,uj)\R) — 0. It is also possible to perform an ex¬ 
pansion of the field in the left-wedge to construct another 
vacuum from aL{k±,ui)\L) = 0 if necessary. 


Using the above Bogolyubov transformation and the 
operator definition (15), we can readily see that the 
Minkowski vacuum expectation value of the Rindler num¬ 
ber operator is non-zero, namely. 


{M\d'^j^{kj_,uj)aR{k'j_,uj')\M) 


pc 

Jo 

S{oj — oj')6^'^'>{k± — k'^) 

glil/Tjy _ 1 


^ dk + 
2 Trk+ 


log[(fc+-\/2)/K] 


(18) 


which demonstrates the Unruh effect [2], where Tr = 
l/(27r) is the dimensionless Unruh temperature. (In the 
physical unit, aoj is a Rindler energy, and so a/(2 tt) is to 
be identified as the temperature.) One may be tempted 
to interpret \M) as a thermal bath for operators quan¬ 
tized on the Rindler vacuum. Such an argument for the 
thermal interpretation could be found in some literature, 
but it is sometimes concluded in a rather misleading man¬ 
ner. We will elucidate this point in more details in the 
next section. 


IV. CALCULATING THERMAL-LIKE 
CORRECTIONS 


B. Bogolyubov transformation and the Unruh 
temperature 

We establish the relation between dM{k) and 
w), which is formulated conveniently in terms 
of the Bogolyubov coefficients. Even though the transfor¬ 
mation (4) is just a change of variables, the existence of a 
causal horizon at t = Jnz for the accelerated observer in¬ 
troduces a non-trivial structure through the Bogolyubov 
transformation and this is at the heart of the Unruh ef¬ 
fect. 

Following Ref. [41] we first define a light-cone anni¬ 
hilation operator as \/^di(fej_,/c’*') = v^flM(fe) with 
k^ = {k^ ± fc°)/V2. Then, we find another operator by 
a variable change from k'^ to w, i.e. 

(15) 

For a; > 0 these new operators a 2 (A;_L,±w) are related 
to the Rindler operators dR/R{k±,uj) through a linear 
transformation expressed as 


/ di^(fe_L,w) \ 


( 

0 

0 

Puj\ 

/ d2{k±,uj) \ 

aL(fc_L,w) 


0 

(Xfjj 


0 

d2{k±,-uj) 

dR{-k±,uj) 


0 

Puj 

CXqj 

0 

aU-k±,uj) 

\d{{-kR,uj)/ 


\/3^ 

0 

0 


\^dl{-kj_,-u})J 


(16) 

with the Bogolyubov coefficients given by 


1 

“ _ g-27,uj ’ ~ 


In this section we shall consider the effect of quantum 
fluctuations in and out of an accelerated vacuum. For 
this purpose we take an example of two-point Wight- 
man function that is necessary for the evaluation of the 
scalar condensate. In particular, the coincidence limit 
of the two-point functions, {R\$‘^\R) and {M\$'^\M), will 
introduce a “temperature” dependent mass term in the 
effective potential [42]. 


A. Insensitivity to the observer 

Although (M|a^a_R|M) ^ {M\a}f^dM\J^) = 0 and 
{R\dJj^dM\R) 7 ^ {R\^^r^b,\R) = 0i the Bogolyubov co¬ 
efficients guarantee that (j) represents the same quantum 
field. In fact, for 0{(j)) not having the energy dispersion 
relations, it has been addressed based on the functional 
integration in the literature [21] that {M\0{(j))\M) does 
not depend on the choice of the observer who quantizes 
(j). Moreover, Refs. [19, 20] utilized the Schrodinger func¬ 
tional formalism with an explicit point-splitting regular¬ 
ization to prove that {M\0{(j))\M) should be independent 
of the observer. 

This is all so by construction, and nevertheless, op¬ 
erators for different observers (i.e. quantized in differ¬ 
ent vacua) sometimes cause confusions. Thus, it would 
be useful to take a glance at how the insensitivity fol¬ 
lows explicitly from a proper combination of the vacuum 
definitions and the Bogolyubov coefficients. The calcula¬ 
tion to confirm the insensitivity of both {M\0{(j))\M) and 
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{R\0{<i))\R) for different observers is tedious but straight¬ 
forward. This is a two-step procedure to use the Bo- 
golyubov relations (16) and the transformation of plane 
waves to 


z +k z^) 




Hip Kp\ (19) 
2 ’ 2 


and vice versa. We give more detailed and complete cal¬ 
culations in the Appendix A. 


B. Regularization prescription 

We will explicitly evaluate the coincidence limit x' ^ x 
of two-point Wightman functions for m = 0. For concrete 
calculations we could use the point-splitting regulariza¬ 
tion. For the m = 0 case, then, we have: 

{M\^{x)^{x')\M) 

__1 _ 1 _ ( 20 ) 

47 r {t — f — kY — \x± — a:(j_p — \z — z'Y 

For the Rindler vacuum also the Wightman function 
{R\(j){x)(j){x’)\R) has a singular term in the coincident 
limit just given by Eq. (20) (see also Refs. [19, 20]) as 
well as a finite deviation. Such a finite extra term should 
be well-defined irrespective to the ultraviolet regulariza¬ 
tion. We can actually find: 


and and in terms of clm and 5,]^^, respectively. 
In this case, even when OnjM has no explicit depen¬ 
dence on the energy dispersion relation, the expecta¬ 
tion value may change according to the observer through 
{R/M\(Drim\R/^)- It is obvious that the subtrac¬ 
tion ( 21 ) coincides with the normal ordering for the 
Minkowski observer. 

Because we have no complete description of the zero- 
point oscillation but dropping it with some working pre¬ 
scriptions in quantum field theory, we should choose a 
reference point where we make a subtraction of the di¬ 
vergent term as in Eq. (21). As emphasized in Sec. II 
our assumption about the observer is that the observer 
defines the energy dispersion relation that is needed for 
switching to the particle picture. Hence, in our prescrip¬ 
tion, the observer does not reorganize the vacuum, and 
so an offset of the energy level should be intact. This 
assumption thus prescribes us not to include this differ¬ 
ence between {R\0]i\R) and {M\Om\M) in our compu¬ 
tation. In a sense our treatment of the UV singularity is 
analogous to that in hnite-temperature field theory; once 
divergences are subtracted at T = 0, no additional diver¬ 
gence appears from T 7 ^ 0 corrections. More specifically, 
for a thermal state |/3) with temperature T, for a free 
massless scalar theory, we know: 

(/3|(^^|/3)reg = lim {{I3\(j){x)}{x')\f3) - (O|(^(a;)0(a:')|O)) 

x'—^x 


{R\^^\R)res 

= lim ({R\(j){x)^{x')\R) — {M\^{x)^{x')\M)) 

x'—>^x ^ 

= -^ d^>^xKl{k^p) 

27r^p2 g27rt,; _ I 437 ^ 2^2 

for the m = 0 case. Recalling that the trajectory of a 
constant proper acceleration a is dehned as p = I/a and 
defining the local Unruh temperature as Tjoc = a/(27r), 
we can interpret this result as a thermal-like correction 
by 

{R\^^\RYe, = . ( 22 ) 

It should be noted that this expression (22) has a sign 
opposite to the ordinary thermal correction if jii) is given 
an interpretation as a thermal bath [19, 20, 25, 43, 44]. 

Before closing this subsection, we make a remark that 
in the canonical quantization it is a conventional proce¬ 
dure to take the normal ordering to discard zero-point 
oscillation energies, that is, 

: Ofl/M := On/M - {R/M\dn^M\R/M) , (23) 

where the second contribution represents the discarded 
divergent piece in the normal ordering in terms of or 


which is quite suggestive as compared to Eq. (22). We 
shall pursue for this analogy to finite-T field theory more 
in the next subsection. 


C. Analogue to thermo-fleld dynamics 

We see a clear correspondence from expectation values 
of the number operator in Rindler spacetime and in ther¬ 
mal environments. Indeed, a striking similarity is found, 
which takes the form of 

{P\dl{k)doik'm = , (25) 

where So and Sj are the annihilation and creation oper¬ 
ators in Minkowski spacetime. 

The comparison with thermo-field dynamics (TFD) 
will provide us with an intuitive understanding of the 
results (21) and (22). In TFD one deals with the ther¬ 
mal vacuum j/3) which is represented by the so-called 
non-tilde JO) and tilde JO) vacua [45] and so 1/3) is excited 
relative to JO). 

It is important to recognize that \M) should be “ther¬ 
mal” in terms of Ji?) and \L) (right-wedge and left-wedge 
Rindler vacua that never talk to each other), so that \M) 
in Rindler spacetime is analogous to j/3) in TFD and ji?) 
and \L) should correspond to jO) and jO). We summarize 
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TFD 

Rindler Spacetime 

1/3) 

|M) 

|0) 

\R) 

|0) 

\L) 


TABLE I. Correspondence between different vacua in TED 
and in Rindler spacetime. 


the relation among them in Table I. Confusions some¬ 
times arise from misidentification of \R) as a thermal 
mixed state, but the fact is opposite. This point is im¬ 
portant to understand the meaning of the negative sign 
in Eq. (22). 

In TFD, the observer quantizes operators in a zero 
temperature vacuum and can measure (0|C>|0) to take it 
as a “reference” value. Now, let us suppose that we have 
box representing a piece of material heated to non-zero T. 
This box is in a thermal state \/3) and the same observer 
should find: 


imp) > (oiaio) ( 26 ) 

for a positive definite operator O such a.s O = (j)^. The 
left-hand side in the above receives a thermal correction 
~ T^, which is a finite correction associated with the 
temperature effect. 

Now, let us imagine a similar experiment where the 
vacuum state in the box is not heated but accelerated. 
In the case with acceleration, according to Table I, we 
should anticipate: 

{M\d\M) > {R\d\R) (27) 

as a counterpart of the relation (26). We should take 
the left-hand side in the above as our reference point 
before acceleration, so that a finite correction associated 
with the acceleration effect is naturally negative. In other 
words, we can say that the accelerated vacuum is less 
excited as compared to the non-accelerated (Minkowski) 
vacuum. 


V. SPONTANEOUS SYMMETRY BREAKING 

We are considering a real scalar field theory with 
symmetry, which is assumed to be spontaneously broken 
in the Minkowski vacuum through the potential of the 
following form: 

= + (28) 

On the tree level, the state with a minimal energy favors 
a finite condensate given by 



(29) 


The question we are addressing in this section is the fol¬ 
lowing; let us consider a box of, say, a superconducting 
material with a non-zero homogeneous condensate such 
as in Eq. (29). Then, we accelerate this box and adia- 
batically change \M) to |i?) to investigate whether the 
condensate may increase or decrease with acceleration. 


A. One-loop equation of motion 


We here introduce a notation; ^ = {R\(j)\R) and we 
can determine 0 by the condition to extremize the effec¬ 
tive action. The one-loop calculation in the mean-field 
approximation leads to the follow equation of motion: 

(□-3A(.^2),eg)0-^'(^) =0 . (30) 


This is a non-linear equation for </) involving quantum 
fluctuations encoded in (^^)reg = {R\^‘^\R) — 

We should note that our reference point is the Minkowski 
vacuum and so (0^)reg^< 0. 

Our goal is to find as & function of p, where p is the 
Rindler coordinate as introduced before. In contrast to 
finite temperature physics where the effective potential is 
sufficient to fix a condensate, in the acceleration case the 
Hamiltonian depends on acceleration through the coor¬ 
dinate p and so it is indispensable to keep the derivatives 
to find (/) in the accelerated vacuum. 

We can adopt the quantum fluctuation ((/<^)reg from 
Sec. Ill and approximately use Eq. (21). The present the¬ 
ory is not a massless one, but this massless approximation 
would simplify the analysis significantly not losing qual¬ 
itative features. Assuming a non-trivial p dependence in 
the condensate, the problem boils down to solving the 
following equation: 


d‘^(j) 1 dcj) 2 4’ 

dp^ p dp ^ 


V'{^) 


A 

IhTT^ 


(31) 


Solving Eq. (31) allows for a particle-like interpretation; 
(j) is to be interpreted as “position” of a particle and p 
as “time”. Then, this identification enables us to rewrite 
Eq. (31) in the “energy” form: 


_d 

dp 


1 

2 V dp 


) -v{^) 


p\dp) ^ dp p'^ ' 


(32) 


which gives us an interpretation that a particle is moving 
in a potential It is crucial to point out that both 

terms in the right-hand side are negative (if d(j)/dp > 0), 
leading to an energy loss as a function of time. 

This type of analysis is typical for the calculation of 
false vacuum decay [46] when a potential energy has 
several inequivalent minima. One is then interested in 
finding an “instanton” solution that represents a tra¬ 
jectory from one to the other extrema of the potential 
—V{(j)). The solution of our current interest should sat¬ 
isfy a boundary condition: 


0(p oo) 



{M\4)\M) 


(33) 
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FIG. 2. One-loop corrected background field for A = 0.1 
and A = 0.01 as a function of p = l/a where a is the proper 
acceleration. The axes a re give n in dimensionless units, where 
(f> and p are scaled by 


as recognized first by Stephens [44]. In fact, the scaling 
solution satisfied the boundary conditions (33) and (35) 
and is expected to be similar to the full answer with 
> 0. In particular the scaling solution suggests that 
the condensate may blow up as the acceleration increases. 

With the conditions (33) and (35) we can solve the 
equation of motion (32) numerically and we show our nu¬ 
merical results in Fig. 2 for A = 0.1 and A = 0.01. We find 
that the condensate grows as p decreases or as the proper 
acceleration a = 1/p increases. Within the numerical 
accuracy as p —?► 0, the condensate exhibits diverging be¬ 
havior similarly to the scaling solution. This increasing 
behavior of the condensate with acceleration reminds us 
of the enhancement of the chiral condensate induced by 
the external magnetic field, which is sometimes referred 
to as the magnetic catalysis. So, it should be appropri¬ 
ate to name the acceleration-induced enhancement of the 
condensate acceleration catalysis. 


so that the condensate is reduced to its vacuum value 
when the proper acceleration a = 1/p is turned off. In 
the opposite limit, one might have been tempted to im¬ 
pose 0(p —?► 0) = 0, leading to a picture of symmetry 
restoration induced by high acceleration. It is obvious, 
however, that such a boundary condition is incompatible, 
which is understood from Eq. (32) that cannot increase 
the energy of the particle. One might then think that a 
boundary condition such as {d4>/dp)p^o > 0 could work 
to lead to a consistent solution. However, we can easily 
check by linearizing Eq. (31) around ^ = 0 to find that 
the resulting trajectories are 

^(p) = CipJyj^(pp) + C'2piVyY:p^(pp) , (34) 

which have zero gradient at p = 0. Therefore, using the 
boundary condition like {d(j)/dp)p=o > 0 would end up 
with an inconsistency. 


B. Acceleration catalysis 


For this problem, it would be a more reasonable choice 
to impose one more boundary condition at p —> oo. Be¬ 
sides Eq. (33) we also require. 


#A 

dp) 


= 0 , 


(35) 


/ 9—>^00 


so that in the limit of zero acceleration the solution 
smoothly approaches the value of the condensate in the 
Minkowski vacuum. 

It is straightforward to see that Eq. (31) with p = 0 
accommodates a “scaling” type of the solution: 


</(p) 


1 -b 1 


(36) 


VI. DISCUSSION AND CONCLUSION 

Motivated by some discrepancies between the preced¬ 
ing results on the condensate in an accelerated vacuum, 
we have revisited a real scalar field theory in Rindler 
spacetime with a spontaneously broken Z 2 symmetry. 
A key quantity for discussing a possible impact of the 
acceleration on condensates is the Wightman two-point 
function in the coincidence limit that represents quantum 
fluctuations. 

First, we have studied the effect of acceleration on the 
two-point Wightman functions for a free scalar field the¬ 
ory and clarified the meaning of the choices of the vac¬ 
uum and the observer. This gives a natural explanation 
for the observation that temperature-like corrections in 
Rindler spacetime have a sign opposite to the genuine 
thermal effect. We have argued that such relations of 
the Wightman function follow from the correspondence 
to thermo-field dynamics. 

The most important part of this paper is the behav¬ 
ior of the scalar condensate as a function of accelera¬ 
tion. Based on our analysis we can conclude that the 
condensate will not change as long as the system is not 
accelerated regardless of where the observer sits, that 
is, the condensate takes the vacuum value in agreement 
with Ref. [19-21]. This is non-trivial in view of the fact 
that the Rindler observer perceives thermal effects in 
the Minkowski vacuum regarding the particle distribu¬ 
tion that involves the energy dispersion relation. 

Our analysis is, in principle, applied to such a system 
like a superconductor placed on a transport craft with 
constant acceleration. If a co-accelerated observer mea¬ 
sures a condensate in this superconductor, this observer 
should see that the condensate changes depending on the 
acceleration. What we found implies that the scalar con¬ 
densate increases with increasing acceleration. We have 
named this phenomenon acceleration catalysis. 

We would stress that our main result differs from what 


A p 














is speculated in some papers [22-27]. Ultimately, the fate 
of the condensate depends on the definition of the coin¬ 
cidence limit of the quantum fluctuation and the 
regularization schemes. Our assumption is that a finite 
deviation in {(fp') associated with acceleration should be 
obtained by subtracting the common divergent pieces. 
We would also point out that we can in principle judge 
which of increasing and descreasing scenarios should be 
the case using a Monte-Carlo simulation on the lattice 
with non-trivial metric, and a preliminary result favors 
our scenario of increasing condensate with larger accel¬ 
eration [47]. 

Although the above-mentioned subtraction procedure 
for acceleration physics seems to be generally accepted, 
there are notable exceptions. Dowker [48] advocated 
that the Minkowski vacuum fluctuations should be reg¬ 
ularized such that the Rindler vacuum fluctuations are 
subtracted. In our prescription this would correspond 
to a co-accelerated observer making measurements while 
taking the Rindler vacuum as a reference point. This 
situation could be a natural setting for the case of a 
black hole. It is well-known that Rindler spacetime is an 
approximation to Schwarzschild spacetime in the near¬ 
horizon region. Then, an observer at a fixed distance 
from the horizon would find a positive thermal-like ef¬ 
fect, provided that the observer measures the conden¬ 
sate in the Minkowski vacuum (corresponding to a freely 
falling frame). Under such conditions it seems conceiv¬ 
able that a condensate would melt as we approach the 
black-hole horizon [36, 49]. When it comes to accelera¬ 
tion as opposed to well-established thermal physics, the 
richness of physical outcomes from acceleration deserves 
further attention. 
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Appendix A: Irrelevance of the observer 


Here we articulate a step-by-step demonstration of in¬ 
dependence of the held expectation value regardless of 
the choice of the observer. 

Let us first consider the situation with the Minkowski 
vacuum \M). Using the expanded form (14) we And, 


= dujJ^ duj'J J d^k'^(^fRfji{M\dRd'ji\M) 


fRr^{M\dR4\M) + fy'j,{M\d^j,dR\M) 

+ fy'i^{M\d^yi\M) 


(Al) 


where we used the expression for (f> quantized in Rindler 
spacetime and we introduced a compact notation with 
the prime for quantities with w' and k'j_. We plug 
Eq. (18) and similar expressions for other combinations 
of the creation/annihilation operators into Eq. (Al). We 
further replace w with —a; to obtain: 


{Myx)Ux')\M) 
1 f dk+ 


2(2^)4 J 2Tlk+ J ^ 

poo poo 

/ dwF(a;,A:+,fcj.) / dec'G(w',/c+, fcj.) 
Jo Jo 

/ O pO 

dujF{Lo,k+,k^) / dw'G(a;',fc+,fcj^) 

-oo ^ —oo 


(A2) 


with the following functions that we define by 


F(a;, fc+,fcj_) 

^ Y’ y) > 

G(w',Y,fcj_) 


These are, of course, functions of t and z through r] and p, 
which is not indicated in the argument of F and G for no- 
tational brevity. Also, in deriving Eq. (A2), we employed 
the analyticity property of the function K{uj, a, /?). Now 
we can deform the quantity in the angle parentheses of 
Eq. (A2) as 


dujF / duj'G / dioF / dw'G 

) JO J—oo J—oo 

poo pO pO poo 

F / dujF / dw'G-k / dujF / dcc'G (AS) 

Jo J— oo J— oo Jo 

pOO poo 

- / dojF / dw'G , 


without changing its value; two latter terms among four 
in the left-hand side of the above expression give no con¬ 
tribution under the k~^ integration. After the k^ inte¬ 
gration, in fact, we can easily show that the resulting 
contribution is proportional to (5(a; — w'). It is obvious 
that such a singularity at w = cc' in Dirac’s delta function 
cannot be picked up in the integrals like duj dw' 
and f^^duj f^duj'. 

Eventually, we can rewrite the two-point function into 
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the standard form in Minkowski spacetime as 


and k'^' integrations. For example, we can show: 


dk+ 




2(27r)4 

/ oo noo 

duj F{uj,k^,k±) / doj'G{uj',k'^,k±) 

-OO j —OO 


' —oo 

dk+ 


_ I GK I ^2j^^^ik±-{x±-x'j^)^ik+{x -x ')^ik (x+-x+') 

(A6) 


In this concrete process of calculations we note that we 
used Eq. (19) from the second line to the third line of 
Eq. (A6). 

Next, we consider the situation with the Rindler vac¬ 
uum \R). We can find, 


{R\^{x)^{x')\R) 


X siBh{TTUj)Kii^{Kp)Ki^{Kp') 


using the field operator in terms of the Rindler basis func¬ 
tions. On the other hand, we have. 


{R\^{x)Ux')\R) = J dk+j dk+'J d'^kx J d'^k'^ 

X (//'(R|aia'i|R) + /r(i?|dia;^|i?) 

+ rf{R\d\di\R) + rr{R\d\d'^\R)) , (as) 


where we introduced a compact notation; /' and d[ for 
quantities with x'. Using the definition (15) and the Bo- 
golyubov transformation (16) we have. 


{R\di{kx,k+)di{k'_^,k+')\R) 

X f g-i‘^log(fe 4 ^/K)giajlog(fc+'\/ 2 /K') 

Jo 27 r “ 


(A9) 


dk+ 

k+ 


'(uj, 




’)■ 


(AlO) 


Therefore, only the integrations over k± and oj remain. 
Collecting all four terms, we finally find, 

{R\(f){x)J){x')\R) 

1 


2 ( 27 r) 


J duj j 




f up Kp\ ( up' 


tip 

~2 


(All) 


Using -I- /3^e = 1 — e together 

with Eq. (13) we easily see that Eq. (All) is reduced to 
Eq. (A7). 

Now, finally, we want to sketch how this two-point 
function result can be generalized for n-point ones. We 
must understand that </> quantized in the Rindler vacuum 
is simply a restriction of </> on the Rindler right-wedge. 
We can explicitly see this from expressions of the type 
like Eq. (19). 

Starting with the Minkowski quantized (f>, therefore, 
we have, 


duj 


d^k\ 


[2(27r)4]i/2 

, U/ i. \jx*( ^P\ 

+ a!2{-kx,-uj)K 


- (U \T^( '^P ^P 

a 2 (fc_L,a;)A (^w, y, y 


ik±-x±—i(jJT 


duj 


d^kx 


[2(27r)4]i/2 


Uu \ir*( '^P '^P\ 

,Xkx,uj)K (^w, Y’Y) 


+ a2(-kx,-uj)^(-^, y, y) 


^—ik±-x± YicjT 


(A12) 


By using the Bogolyubov transformations (16), the re¬ 
striction to the right-wedge (p > 0) gives while the 
restriction to the left-wedge (—p > 0) gives Y- Overall, 
we can write: 


J) = 9{p)J)ii +0{-p)J)L ■ (A13) 

Since the annihilation and creation operators from the 
right-wedge and left-wedge mutually commute, and since 
left-wedge operators do not act on |i?) by definition, it 
follows that 


and similar expressions for the expectation values involv¬ 
ing other combinations of the annihilation ad creation 
operators. Now we plug these terms into Eq. (A8) and 
use Eq. (12) to define the K function in a form of the fc"*- 


{R\J){xi)J){x 2) ■ ■ ■ J){Xn)\R) 

= {R\(j>R{xi)(j)R{X2) ■ ■ ■ J)R{Xn)\R} ■ 


(A14) 












10 


[1] S. W. Hawking, Particle Creation by Black Holes, Com- 
mun. Math. Phys. 43 (1975) 199 [Erratum-ibid. 46 
(1976) 206]. 

[2] W. G. Unmh, Notes on blaek hole evaporation, Phys. 
Rev. D 14 (1976) 870. 

[3] S. A. Fulling, Nonuniqueness of canonical field quantiza¬ 
tion in Riemannian space-time, Phys. Rev. D 7 (1973) 
2850. 

[4] W. G. Unmh and R. M. Wald, What happens when an ac¬ 
celerating observer detects a Rindler particle, Phys. Rev. 
D 29 (1984) 1047. 

[5] S. Takagi, Vaeuum noise and stress induced by uniform 
accelerator: Hawking-Unruh effect in Rindler manifold 
of arbitrary dimensions. Prog. Theor. Phys. Suppl. 88 
(1986) 1. 

[6] L. C. B. Crispino, A. Higuchi and G. E. A. Matsas, The 
Unruh effect and its applications. Rev. Mod. Phys. 80 
(2008) 787 [arXiv:0710.5373 [gr-qc]]. 

[7] L. J. Garay, J. R. Anglin, J. I. Cirac and P. Zoller, Sonic 
black holes in dilute Bose-Einstein condensates, Phys. 
Rev. A 63 (2001) 023611 [gr-qc/0005131]. 

[8] W. Greiner, B. Muller and J. Rafelski, Quantum Eleetro- 
dynamics Of Strong Fields, Berlin, Germany: Springer 
(1985) 594 P. (Texts and Monographs In Physics) 

[9] T. Tajima and G. Mourou, Zettawatt-exawatt lasers and 
their applications in ultrastrong-field physics, Phys. Rev. 
ST Accel. Beams 5 (2002) 031301. 

[10] P. Chen and T. Tajima, Testing Unruh radiation with 
ultraintense lasers, Phys. Rev. Lett. 83 (1999) 256. 

[11] R. Schutzhold, G. Schaller and D. Habs, Signatures of 
the Unruh effect from electrons accelerated by ultra-strong 
laser fields, Phys. Rev. Lett. 97 (2006) 121302 [Erratum- 
ibid. 97 (2006) 139902] [quant-ph/0604065]. 

[12] R. Schutzhold and C. Maia, Quantum radiation by elec¬ 
trons in lasers and the Unruh effect, Eur. Phys. J. D 55 
(2009) 375 [arXiv: 1004.2399 [hep-th]]. 

[13] S. Iso, Y. Yamamoto and S. Zhang, Stochas¬ 
tic Analysis of an Accelerated Charged Partiele - 
Transverse Fluctuations-, Phys. Rev. D 84 (2011) 025005 
[arXiv:1011.4191 [hep-th]] 

[14] L. Labun and J. Rafelski, Strong Field Physics: Prob¬ 
ing Critical Acceleration and Inertia with Laser Pulses 
and Quark-Cluon Plasma, Acta Phys. Polon. B 41 (2010) 
2763 [arXiv: 1010.1970 [hep-ph]]. 

[15] S. Iso, K. Yamamoto and S. Zhang, On the Caneellation 
Mechanism of Radiation from the Unruh deteetor, PTEP 
2013 (2013) 6, 063B01 [arXiv: 1301.7543 [hep-th]]. 

[16] J. Steinhauer, Observation of self-amplifying Hawking ra¬ 
diation in an analog black hole laser, Nature Phys. 10 
(2014) 864 [arXiv: 1409.6550 [cond-mat.quant-gas[]. 

[17[ P. Gastorina, D. Kharzeev and H. Satz, Thermal 
Hadronization and Hawking-Unruh Radiation in QCD, 
Eur. Phys. J. C 52 (2007) 187 [arXiv:0704.1426 [hep-ph[]. 

[18[ T. S. Biro, M. Gyulassy and Z. Schram, Unruh gamma 
radiation at RHIC?, Phys. Lett. B 708 (2012) 276 
[arXiv:1111.4817 [hep-ph][. 

[19[ G. T. Hill, Can the Hawking Effect Thaw a Broken Sym¬ 
metry?, Phys. Lett. B 155 (1985) 343. 

[20[ G. T. Hill, One Loop Operator Matrix Elements in the 
Unruh Vacuum, Nucl. Phys. B 277 (1986) 547. 

[21[ W. G. Unruh and N. Weiss, Acceleration Radiation in 


Interacting Field Theories, Phys. Rev. D 29 (1984) 1656. 

[22] T. Ohsaku, Dynamical chiral symmetry breaking and its 
restoration for an aceelerated observer, Phys. Lett. B 599 
(2004) 102 [hep-th/0407067]. 

[23] D. Kharzeev and K. Tuchin, From color glass condensate 
to quark gluon plasma through the event horizon, Nucl. 
Phys. A 753 (2005) 316 [hep-ph/0501234]. 

[24] D. Ebert and V. C. Zhukovsky, Restoration of Dynam¬ 
ically Broken Chiral and Color Symmetries for an Ac¬ 
eelerated Observer, Phys. Lett. B 645 (2007) 267 [hep- 
th/0612009]. 

[25] F. Lenz, K. Ohta and K. Yazaki, Static interactions and 
stability of matter in Rindler spaee, Phys. Rev. D 83 
(2011) 064037 [arXiv:1012.3283 [hep-th]]. 

[26] P. Gastorina and M. Finocchiaro, Symmetry Restora¬ 
tion By Acceleration, J. Mod. Phys. 3 (2012) 1703 
[arXiv: 1207.3677 [hep-th[]. 

[27] S. Takeuchi, Bose-Einstein condensation in the 
Rindler space-time, Phys. Lett. B 750 (2015) 209 
[arXiv:1501.07471 [hep-th]]. 

[28] K. Peeters and M. Zamaklar, Dissociation by accelera¬ 
tion, JHEP 0801 (2008) 038 [arXiv:0711.3446 [hep-th]]. 

[29] A. Paredes, K. Peeters and M. Zamaklar, Temperature 
versus acceleration: The Unruh effeet for holographic 
models, JHEP 0904 (2009) 015 [arXiv:0812.0981 [hep- 
th]]. 

[30] K. Ghoroku, M. Ishihara, K. Kubo and T. Taminato, 
Accelerated Quark and Holography for Confining Gauge 
theory, Phys. Rev. D 83 (2011) 024020 [arXiv: 1010.4396 
[hep-th]]. 

[31] K. G. Klimenko, Three-dimensional Gross-Neveu model 
at nonzero temperature and in an external magnetic 
field, Theor. Math. Phys. 90 (1992) 1 [Teor. Mat. Fiz. 
90 (1992) 3]; Three-dimensional Gross-Neveu model at 
nonzero temperature and in an external magnetic field, 
Z. Phys. C 54 (1992) 323; V. P. Gusynin, V. A. Mi- 
ransky and 1. A. Shovkovy, Dimensional reduction and 
catalysis of dynamical symmetry breaking by a magnetic 
field, Nucl. Phys. B 462 (1996) 249 [hep-ph/9509320]. 

[32] T. Inagaki, T. Muta and S. D. Odintsov, Dynamical sym¬ 
metry breaking in curved space-time: Four fermion inter¬ 
actions, Prog. Theor. Phys. Suppl. 127 (1997) 93 [hep- 
th/9711084]. 

[33] K. Dusling, T. Epelbaum, F. Gelis and R. Venugopalan, 
Instability induced pressure isotropization in a longitudi¬ 
nally expanding system, Phys. Rev. D 86 (2012) 085040 
[arXiv: 1206.3336 [hep-ph]]. 

[34] A. Yamamoto, Lattiee QCD in curved spaeetimes, Phys. 
Rev. D 90 (2014) 054510 [arXiv: 1405.6665 [hep-lat[]. 
A. Flachi and K. Fukushima, Chiral Mass-Gap in 
Curved Spaee, Phys. Rev. Lett. 113 (2014) 091102 
[arXiv: 1406.6548 [hep-th]]; A. Flachi, K. Fukushima and 
V. Vitagliano, Geometrically induced magnetic cataly¬ 
sis and critical dimensions, Phys. Rev. Lett. 114 (2015) 
181601 [arXiv:1502.06090 [hep-th]]. 

[35] A. Yamamoto and Y. Hirono, Lattice QCD in ro¬ 
tating frames, Phys. Rev. Lett. Ill (2013) 081601 
[arXiv: 1303.6292 [hep-lat]]; K. Mameda and A. Ya¬ 
mamoto, Magnetism and rotation in relativistic field the¬ 
ory, arXiv: 1504.05826 [hep-th]. 

[36] A. Flachi and T. Tanaka, Chiral Phase Transitions 



11 


around Black Holes, Phys. Rev. D 84 (2011) 061503 
[arXiv:1106.3991 [hep-th]]. 

[37] G. V. Dunne, Heisenberg-Euler effective Lagrangians: 
Basics and extensions, In *Shifman, M. (ed.) et al.: From 
fields to strings, vol. 1* 445-522 [hep-th/0406216]. 

[38] K. Fukushima, F. Gelis and T. Lappi, Multiparticle eor- 
relations in the Schwinger mechanism, Nucl. Phys. A 831 
(2009) 184 [arXiv:0907.4793 [hep-ph]]. 

[39] K. Fukushima, Spectral representation of the particle pro¬ 
duction out of equilibrium - Schwinger mechanism in 
pulsed electric fields. New J. Phys. 16 (2014) 073031 
[arXiv:1402.3002 [hep-ph][. 

[40] L. Parker and D. Toms, Quantum Field Theory in Curved 
Spacetime: Quantized Fields and Gravity, Cambridge 
University Press (2009). 

[41] G. ’t Hooft, The Scattering matrix approaeh for the quan¬ 
tum black hole: An Overview, Int. J. Mod. Phys. A 11 
(1996) 4623 [gr-qc/9607022]. 

[42] L. Dolan and R. Jackiw, Symmetry Behavior at Finite 


Temperature, Phys. Rev. D 9 (1974) 3320. 

[43] P. Candelas and D. J. Raine, Quantum Field Theory in 
Incomplete Manifolds, J. Math. Phys. 17 (1976) 2101. 

[44] C. R. Stephens, Symmetry Breaking In Inhomogeneous 
Spaee-times: A Traetable Example, Phys. Rev. D 33 
(1986) 2813. 

[45] H. Umezawa, H. Matsumoto and M. Tachiki, Thermo 
Field Dynamics And Condensed States, Amsterdam, 
Netherlands: North-Holland (1982) 591p. 

[46] S. Coleman, Aspeets of Symmetry, ed. S. Coleman, Cam¬ 
bridge University Press, Cambridge, England, 1988. 

[47] A. Yamamoto, in private communications. 

[48] J. S. Dowker, Thermal properties of Green’s functions in 
Rindler, de Sitter, and Schwarzschild spaces, Phys. Rev. 
D 18 (1978) 1856. 

[49] S. W. Hawking, Interacting Quantum Fields Around a 
Black Hole, Commun. Math. Phys. 80 (1981) 421. 



